Objective: To compare measurements of sleeping metabolic rate (SMR) in infancy with predicted basal metabolic rate (BMR) estimated by the equations of Schofield. Methods: Some 104 serial measurements of SMR by indirect calorimetry were performed in 43 healthy infants at 1.5, 3, 6, 9 and 12 months of age. Predicted BMR was calculated using the weight only (BMR-wo) and weight and height (BMR-wh) equations of Schofield for 0 -3-y-olds. Measured SMR values were compared with both predictive values by means of the Bland -Altman statistical test. Results: The mean measured SMR was 1.48 MJ=day. The mean predicted BMR values were 1.66 and 1.47 MJ=day for the weight only and weight and height equations, respectively. The Bland -Altman analysis showed that BMR-wo equation on average overestimated SMR by 0.18 MJ=day (11%) and the BMR-wh equation underestimated SMR by 0.01 MJ=day (1%). However the 95% limits of agreement were wide: 7 0.64 to þ 0.28 MJ=day (28%) for the former equation and 7 0.39 to þ 0.41 MJ=day (27%) for the latter equation. Moreover there was a significant correlation between the mean of the measured and predicted metabolic rate and the difference between them. Conclusions: The wide variation seen in the difference between measured and predicted metabolic rate and the bias probably with age indicates there is a need to measure actual metabolic rate for individual clinical care in this age group.
Introduction
A measurement or estimate of basal metabolic rate (BMR) is an important parameter in energy metabolism for a number of reasons, not the least being the estimation of energy requirements in individuals or groups. Altered energy metabolism of children has been described in such conditions as cystic fibrosis (Shepherd et al, 1988) , congenital heart disease (Barton et al, 1994) and head injury (Phillips et al, 1987) . Moreover the avoidance of overnutrition or undernutrition is an area of concern in the clinical management of critical illness (Pi-Sunyer, 2000) .
Whilst specialist centres have access to indirect calorimeters capable of measuring sleeping metabolic rate (SMR) as a proxy for BMR in infants, prediction equations are still frequently used in practice.
In 1981 the World Health Organization (WHO) convened an expert committee to review the literature on energy and protein requirements in infants, children and adults and advised that energy requirements should be based on multiples of BMR (World Health Organization, 1985) . Further to this report Schofield then reviewed all published measurements of BMR over the previous 60 y according to more stringent scientific guidelines (Schofield, 1985) . Subsequently, revised equations for predicting BMR using either weight only or weight and height for all age groups for males and females were published. The equations derived for the 0 -3-y-old age group were based on 162 and 137 measurements for males and females, respectively, from 10 separate studies. Approximately one-third of these measurements were made in infants in the first week of life. In many of the studies the infants were either sleeping or sedated. It should be noted that these equations were intended for prediction of BMR in groups not individuals.
The growth rate of infants in the first year of life is quite different to that in the second and third years when growth has slowed considerably. There is also a change in the ratio of metabolically active organ mass to muscle mass across the first year (Holliday, 1971) . As metabolic rate is influenced by body size and body composition (Ravussin & Bogardus, 1989) , it may not be appropriate to have one equation that is applied to all infants between birth and 3 y. Thus for a number of reasons these equations may not give an accurate estimate of BMR in infants across the first year of life.
Thus the purpose of this study was to assess the validity of using the Schofield equations to predict BMR in healthy infants across the first year of life by comparing the predicted values to measured SMR.
Subjects and methods
Study design and subjects Repeated measurements of SMR were performed at 1.5, 3, 6, 9 and 12 months of age in 43 healthy infants. The infants were recruited at birth from the maternity wards of the Royal Women's Hospital Brisbane, Queensland. The study was approved by the ethics committees of the Royal Children's Hospital, the Royal Women's Hospital and the University of Queensland, Brisbane. Informed written consent was obtained from each infant's mother.
Measurements were taken within the Gastroenterology Department of the Royal Children's Hospital. Infants and their mothers arrived at the department in the morning half an hour before the infant was due for a feed. Anthropometric measurements were performed on arrival, the infant had its usual feed and was then coaxed to sleep by its mother. SMR was measured at least 1 h after the commencement of the feed in a quiet, thermoneutral environment.
Sleeping metabolic rate SMR was measured using an open-circuit indirect calorimeter (Deltatrac TM , MBM-200, Metabolic Monitor) connected to a lap-top computer to allow minute-by-minute transfer of data and inspection of gas concentrations. A clear ventilated plastic canopy was placed over the body of the infant once the infant was asleep. Room air was drawn at a constant rate through the canopy and the expired gasses were drawn into the metabolic monitor for oxygen and carbon dioxide analysis. SMR was calculated using the modified Weir's equation (de Weir, 1949) . The metabolic monitor was calibrated with a standard gas mixture (Datex Engstrom Quick Cal TM Calibration Gas: 5.0 AE 0.03% CO 2 , balance O 2 ) immediately before each measurement. A quantitative alcohol burn was performed every 6 months to calibrate the flow sensors and to perform a respiratory quotient simulation. Measurements were taken for 60 min or until the infant woke. Only those measurements which lasted for 30 min or more were used. The first 10 min of measurement were discarded to allow equilibration of gasses in the hood and for steady-state conditions to be reached.
The weight only and weight and height published equations of Schofield (1985) for 0 -3 y of age for males and females were used to calculate the BMR, as shown in Table 1 .
Anthropometry
At each visit, just prior to a feed, the infants were weighed naked using a Seca 724 electronic scale, accurate to 20 g. Crown to heel length was measured on a recumbent infant board to the nearest 1 mm (Harpenden Infant Measuring Table, Holtain, Dyfed, UK). All measurements were performed by the one investigator (CR).
Statistical analysis
All results are presented as mean AE s.d. The agreement between SMR and BMR-wo and BMR-wh was assessed using the Bland -Altman method of comparison (Bland & Altman, 1986) . Table 1 Equations for estimating BMR for males and females in the 0 -3 y-old age group (Schofield, 1985) Table 2 . The mean measured SMR and the mean BMR predicted from the weight only and weight and height Schofield equations for each age group are shown in Table 3 . Bland -Altman plots for the relationship between SMR and BMR weight only (BMR-wo) and BMR weight and height (BMR-wh), respectively, are given in Figure 1 . The weight only equation on average overestimated measured SMR by 0.18 MJ=day (11%) and the 95% limits of agreement were wide: 7 0.64 to þ 0.28 MJ=day (for males overestimating by 0.21 MJ=day with 95% confidence limits of 7 0.67 to 7 0.25 and for females overestimating by 0.13 MJ=day with 95% confidence limits of 7 0.57 to 0.31). The weight and height equation underestimated SMR on average by only 0.01 MJ=day (1%), but the 95% limits of agreement are equally wide: 7 0.39 to þ 0.41 MJ=day (for males overestimating by 0.06 MJ=day with 95% confidence limits of 7 0.44 to 7 0.32 and for females underestimating by 0.11 MJ=day with 95% confidence limits of 7 0.23 to 0.45).
Inspection of the Bland -Altman plots also suggested a bias in the difference between measured and predicted metabolic rate for both equations and the spread of the difference increasing with increasing metabolic rate, being more marked with the weight only equation. A significant negative correlation between the mean metabolic rate and the difference between the measured and predicted rates of r ¼ 7 0.56 (t ¼ 6.86, P < 0.0005) and r ¼ 7 0.36 (t ¼ 3.89, P < 0.005) for the weight only and weight and height equations, respectively, shows that the bias is not randomly distributed around zero difference and that the bias changes with increasing SMR. Both equations overestimate metabolic rate at the lower levels and underestimate it at the upper levels.
To further explore the variability in percentage of predicted BMR, infants were grouped according to a normal range defined as 90 -110% of predicted as is often used in clinical diagnosis for altered metabolism. Infants fell outside this range in 52 and 46% of cases for the weight only and weight and height equations, respectively. Using either equation would have resulted in 19% of cases being outside 80 -120% of predicted metabolic rate.
Discussion
These results demonstrate that in normal healthy infants from 6 weeks to 1 y of age, the Schofield prediction equations based on healthy individuals do not give accurate predictions of BMR. There were large variations seen between measured and predicted metabolic rate and the data shows a bias which changes with increasing metabolic rate and therefore undoubtedly age. According to usual clinical practice in half of cases these normal healthy infants would have been predicted as having altered energy expenditure for age.
The significant change in bias seen with increasing metabolic rate could be due to a number of factors. It has been shown in children (Goran et al, 1994) and adults Tataranni & Ravussin, 1995) that BMR is influenced by body size, body composition and gender but these factors only explain 60 -80% of the total between subject variability. Familial studies have also indicated a genetic contribution to BMR in adults . In infants body size is increasing and body composition is changing. The rate of change in the ratio of less metabolically active muscle mass and fat mass to total active tissue Comparison of SMR and BMR CA Reichman et al mass shifts markedly during the first year of life (Holliday, 1971 ) and the contribution of organ metabolism to total metabolism decreases. At birth the brain makes up 14% of body weight but accounts for 87% of the BMR (Holliday, 1986) so any shift in the ratio of metabolically inactive tissue to organ mass will have a marked effect on metabolic rate. 
Comparison of SMR and BMR CA Reichman et al
There have been a number of published studies of SMR measurements in healthy infants in this age group (Thompson et al, 1995; Wells et al, 1996) and in infants with chronic disease (Kaplan et al, 1995; Thompson et al, 1995; Sentongo et al, 2000) . Our study confirms and extends these studies which found that none of the prediction equations could be relied upon to give an accurate estimate of actual metabolic rate although the Schofield weight and height equation gives on average the best estimate. Only the study by Wells and Davies used the Bland -Altman analysis to compare methods and to investigate any bias. They found no significant difference between measured SMR and the Schofield weight only equation but a significant difference with the weight and height equation. This result contrasts with the findings of this study and the recommendations of Schofield, namely that on average the weight and height equation gives the closest estimate of metabolic rate in the 0 -3 y age group. The number of subjects and the age range were similar in both studies, the major difference in the Wells and Davies study being the use of the Douglas bag technique to collect respiratory gasses which limited measurement to 3 min. Whereas in this study measurement continued for a minimum of 20 min using an indirect calorimeter and is therefore probably more representative of actual metabolic rate. Wells and Davies data for the Bland -Altman analysis showed a greater s.d. in the difference between measured and predicted metabolic rate being 0.25 MJ=day for the weight only equation with a mean difference close to zero compared to a s.d. of 0.2 MJ=day in this study. This greater s.d. could also be attributed to the small measurement time
One of the practical problems in obtaining reliable and reproducible metabolic rate measurements in infants and young children is getting them to remain still and so SMR is used as a proxy for BMR. BMR is measured under standard conditions with the individual at rest in a thermoneutral environment with minimum external stimuli after a 12 -18 h fast. In practice resting metabolic rate is usually measured under similar conditions except that the measurement is taken 4 h after a light meal. Due to practical and ethical considerations a resting fasting state cannot be attained in frequently fed infants and a SMR is measured instead (Azaz et al, 1992; Butte et al, 1990) . As most of the subjects in the 0 -3-y-old age group in the studies Schofield used to predict BMR were either sleeping or sedated during testing it is expected that measured SMR in this study will equal predicted BMR.
However, as infants approach 1 y of age it becomes increasingly difficult to get them to sleep in a strange environment and so the number of successful measurements obtained decreases. This lower number of subjects in the older age groups could have biased the results but the Bland -Altman analysis showed a definite increase in the difference between measured and predicted metabolic rate with increasing metabolic rate and more measurements in the older age groups would be expected to only further confirm this. In this study we had five infants who woke up shortly after the measurements were commenced but were happy to stay under the canopy and were moving minimally so measurement was continued until the infant started crying. Four out of the five measurements would have been flagged as outliers in the Bland -Altman analysis if they had been included. As these infants were moving minimally but continually it was not possible to edit out periods of movement from the data and this highlights the need to have infants asleep to obtain reproducible measurements. Kaplan et al in their study (Kaplan et al, 1995) mildly sedated those infants and young children who did not go to sleep or were fidgeting.
This study thus confirms and extends the findings of other studies suggesting that the prediction equations do not give a reliable estimate of metabolic rate across the first year of life. The extent of the bias seen in predicting metabolic rate and the change that occurred with increasing metabolic rate suggests that one standard equation for the 0 -3 y age group is not appropriate. Extension of the age groups studied here to include infants in the 1 -3-y-old group is necessary to determine the number of equations needed to fully cover this age group. This study reinforces the need to obtain actual metabolic rate measurements to provide best practice in clinical diagnosis and care. However, in centres where suitable equipment to measure metabolic rate is not available, an accurate estimate of metabolic rate is still necessary.
